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1 Introduction 



The strong CP problemjTj can be expressed as an inexplicable smallness of the 
CP-violating ^-parameter in QCD Lagrangian 

^TrG^,G^^ (1) 

where Gfj,u and G'^'' = e^^'"^GpK are the QCD gauge field strength and its dual 
respectively. A non-zero 9 implies a non-zero expectation value of the dual gauge 
field strength, (TrGG) ^ , which would lead to the observable CP violation, unless 
e is tiny, 6 < 10"^ 0. 

The strong CP problem is the problem of the vacuum superselection. The pa- 
rameter 9 scans a continuum of the vacuum states that have different expectation 
values of the operator Tr GG. These vacua satisfy the superselection rule, which 
forbids any transition between the vacua with different values of 9. Because of this 
superselection rule, there is no a priory reason to give any preference to the vacua 
with small 9 (small Tr GG). 

In this paper we shall propose a new approach to this problem, in which the 9 
vacua become rearranged in such a way that a vacuum with an acceptably small 
9 becomes 'infinitely preferred' relative to the other vacua. In our treatment, the 
superselection rule gets partially lifted, but in such a way that the infinitelly many 
vacua accumulate inside the region 9 ^ 10^^, whereas only a measure- zero set of 
vacua remain outside this interval. 

Our solution is based on the following key facts. First, because a non-zero 9 
implies a nonzero vacuum expectation value (TrGG) , the explanation of the small 9 
reduces to the explanation of the small value of TrGG. Note that the latter gauge- 
invariant can be rewritten as a dual four-form field strength of a Chern-Simons 
three-form in the following way (below everywhere we shall work in units of the 
CQD scale) 

I^TrGG = F = F^p^se''^^', (2) 

where 

— 9[aCp^S]. (3) 

Ca/B-y is a Chern-Simons three-form, which in terms of the gluon fields can be written 

as ^ 

C"/37 = 1^ '^^ (^Ai^ApA^^ - -Ai^dpA^]^ . (4) 

Here g is the QCD gauge coupling, A^ = A'^T'^ is the gluon gauge field matrix, and 
T"- are the generators of the SU{3) group. 

The above parametrization is not just a formality, but has a physical meaning. 
It is knownPI that in low energy QCD the Chern-Simons three-form behaves as a 
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massless gauge field, and the corresponding four-form field strengtli F can assume an 
arbitrary constant value. Hence, the strong CP problem can be simply understood 
as the problem of an arbitrary constant four-form electric field. Any dynamical 
solution that would explain why such a field must be unobservably small, would 
also automatically solve the strong CP problem. 

For example, as explained in j3], the celebrated Peccei-Quinn solution [3] solves 
the strong CP problem by putting the three-form gauge theory into the Higgs phase. 
This happens because the three-form gauge field becomes massive by 'eating up' 
a would be massless axion^, and acquires a propagating longitudinal degree of 
freedom. This effect is analogous to an ordinary Higgs effect in which the photon 
acquires a longitudinal polarization by eating up a Goldstone boson. The generation 
of the axion mass from the QCD instantons can be reformulated in this language 
as a three- form Higgs effect. As a result of this effect, the four-form electric field is 
screened^, and the vacuum is automatically CP-conserving. Thus, the three- form 
language gives a very simple explanation to the fact [H] that the minimum of the 
axion potential is always at 6' = 0j4j. 

In the present paper, we shall present an alternative solution to the strong CP 
problem. We shall attempt to explain why the QCD four-form electric field (and 
thus 6) is small by employing the vacuum-accumulation mechanism of jSinni- This 
mechanism is ready made for the three-form gauge theories and provides a general 
framework in which the small value of any parameter, that is determined by a 
four-form electric field, can become an accumulation point of the infinite number of 
vacua. 

Applied to the strong CP problem our strategy can be outlined as follows. We 
shall lift the superselection rule of the ^-vacua by postulating the existence of 2- 
branes that source the QCD Chern-Simons three-form C. These branes substitute 
the axion field a of the Peccei-Quinn solution in the following way. In the Peccei- 
Quinn scenario the QCD Chern-Simons three-form Cap^ is sourced by the topological 
axionic current €ai3y^d^a. This sourcing is the reason for screening the expectation 
value of F. In our treatment this topological current gets replaced by a world- volume 
history of a dynamical two-dimensional surface, a 2-brane 



where y"-s are the target space coordinates of the brane. In this way the massless 
scalar that screens F gets replaced by a massive extended object, that affects the 
expectation value of F in a different way. The precise origin of these branes is 
unimportant for us. The only nontrivial assumption is that the branes are CP- 
odd. The transition between the subset of vacua then becomes possible quantum- 
mechanically via the 2-brane nucleation. The branes in this picture play the role of 
the domain walls that separate vacua with different values of 6 (and F). Although 
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at low energies the real time transitions are extremely rare, this does not concern us, 
since we are mostly preoccupied with the resulting vacuum statistics. This statistics 
turns out to be pretty profound, because of the CP-odd nature of branes. 

By parity (P) and CP symmetries the charge of the branes with respect to CaP'y 
must also be parity-odd and is determined by the value of the parity-odd four- 
form electric field Q- Thus, in vacua with smaller electric field F, the sourcing is 
correspondingly weaker, and entirely diminishes in the vacuum with F = (6' = 0). 
In this way, the brane charge is set by 9, and hence the step by which 9 changes 
from vacuum to vacuum is set by 9 too. This fact guarantees that the vacuum with 
^ = F = is the maximally preferred one. That is, essentially all of the infinite 
number of (quantum-mechanically-connected) vacua have arbitrarily small values 
of the 9 parameter, and only a measure zero fraction has an observably-large CP 
violation. 

Summarizing shortly, due to the lift of the superselection rule the 6'-vacua get 
split in discrete sets of the vacuum states, that we shall refer to as the vacuum 
families. Each family contains an infinite number of vacua. The defining property 
of a given family is that all its member vacua can be connected to one another 
by a quantum-mechanical tunneling, whereas the transition between the different 
families is forbidden. Within each family the number of vacua as a function of the 
6'-parameter diverges for — as 



ne^9-^ or ~ ln(e~^), (6) 

where > 0. Thus, ^ = is the vacuum accumulation point. Such points in 
the space of vacua where called the vacuum attractors in [TD|. 

This is the essence of the solution, which we shall discuss in details below. 

The general prediction of the above scenario is the existence of branes that source 
the Chern-Simons forms of the Standard Model gauge fields. The tension of these 
branes can be sufficiently low to be produced in particle collisions at LHC in form of 
the resonances with spacing and multiplicity characteristic to the brane spectrum. 

2 Three-Form Overview 

For a massless three-form field the lowest order parity-invariant Lagrangian has the 
following form 

L = F.^p.F^''^^ + C^p,r^\ (7) 

where F^a/j^ = <9[^Cq,^^] is the four-form field strength, and J"^^ is a conserved 
external current 

= 0. (8) 



4 



The action (|7j) is then invariant under the gauge transformation 

Ca(5-y Cap-y + d[a^f3y], (9) 

where is a two-form. Because of this gauge freedom in four dimensions C contains 
no propagating degrees of freedom. Despite the absence of propagating degrees 
of freedom, C nevertheless can create a 'Coulomb'-type long-range electric field in 
the vacuum F^ais-y = F^e^ap^. In this respect, the 3 -f- 1-dimensional three-form 
gauge theory is very similar to 1 + 1 electrodvnamicsfTT] . As it is obvious from the 
equation of motion, in the absence of sources, the four-form electric field can assume 
an arbitrary constant value. Its equation of motion 

d^F^^^p = (10) 

is solved by 

F^ual3 = Foe^^a/S, (H) 

where Fq is an arbitrary constant. 

Thus, the theory has a continuum of the vacuum states each labeled by an ex- 
pectation value of a constant electric field Fq. These vacua obey the super-selection 
rule. Fq is not a dynamical quantity, and there is no transition between the different 
vacua. In the other words no F- vacuum is preferred over any other, and any choice 
of Fq is good. In this respect Fq- vacua are very similar to the 6*- vacua in QCD[^. 

As said above, this connection between the F-vacua and QCD ^-vacua is deeper 
than one naively may think, and will play the central role in our approach to the 
strong CP problem. The key point in this connection is that the QCD ^-vacua can 
be exactly reformulated in terms of the vacua with the four- form electric fields 
We shall come back to this issue shortly. 

Let us now briefly discuss how the superselection rule in the above example gets 
lifted in the presence of branes. In the presence of the external source J"^t the su- 
perselection rule gets partially lifted, permitting transitions between the vacua with 
certain discretized values of the electric field. As said above, the gauge invariance 
demands that the three-form be sources by two-dimensional surfaces, 2-branes, for 
which the conserved current takes the following form 

r ( (W^ riyf^ f^V^ \ 

■J^'^i-) = I d'^s'i- - no) ^ (^^^ j ^"^^ (12) 

where q is the charge of the brane, and = Y^^l^) specify a 2 + 1-dimensional 
history of the brane in 3-1-1- dimensions as a function of its world- volume coordinates 

(a = 0, 1, 2). Obviously, the current J^/j-y is conserved as long as g is a constant. 

The brane self-action has the standard form 

-rJd'^V^, (13) 
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where T is the brane tension (a mass per unit surface), and gab = daY^dhY^r]^^ is 
the induced metric on the brane. Note that, since the bulk 4-dimensional gravity 
plays no essential role in our considerations, we have taken a flat Minkowskian 4- 
dimensional metric 1]^^,^. The brane can be taken to be fiat and static, Y^ = for 
fi = 0,1, 2, and Y^ = 0. The equation of motion then becomes 

d^Ff"-""^ = -q5iz)e'""^\ (14) 

where z = is the location of the brane. Equation p4|) shows that the brane 
separates the two vacua in either of which Fq is constant, and the two values differ 
by |g|. Thus, the introduction of branes ensures that the transition between the 
vacua with different values of Fq is possible, as long as the value of Fq changes by an 
integer multiple of q. Hence the discrete quantum transition between the different 
vacua are possible via nucleation of closed branes 

In the other words, the theory given by the action ((7j) has a multiplicity of the 
discrete vacuum states. Among all possible vacua there are the subsets ( the vacuum 
families) that are connected via quantum-mechanical tunneling. The different vacua 
within a given family can be labeled by an integer n. The value of the field strength 
in these vacua is 

- ^Fa/37^e"^^^ = Fo = qn + fo, (15) 

where /o is a constant, which is a fixed number for a given family, but changes from 
family to family. Thus, within a given family, the value of F is quantized in units 
of the brane charge. 



3 The Strong CP Problem in Three-Form Lan- 
guage 

As discussed above, the vacua with a constant four-form electric field F are very 
similar to ^-vacua in CQD. We wish now to show that the real QCD ^-vacua can 
be understood as the vacua with different values of an electric field of a composite 
QCD four- form Q. The detailed discussion of this connection can be found in 
Before going to real QCD let us formulate the ^-vacuum problem in a theory with 
a free fundamental three-form, with the simplest Lagrangian ((7j) and no sources. 
This theory is in the Coulomb phase, and this fact is the source of the generalized 
strong CP problem. As shown above, equations of motion are solved by an arbitrary 
constant electric field (lllj). where Fq is arbitrary, and plays the same role as the 6- 
parameter in QCD. In particular, the constant electric field (jllj) is CP-odd. Also, 
the Fo-vacua obey a superselection rule. Note that the expansion on a background 
with a constant electric field Fq, generates a direct analog of the 6'-term 

OF, (16) 
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where 6 = 24-^0- Hence, the 6'-parameter in a three-form gauge theory is equiv- 
alent to a constant four-form electric field in the vacuum. This is analogous to 
what happens in the free massless electrodynamics in two dimensions in which the 
6'-parameter also appears as an electric field TIj. Thus, the strong CP problem 
reformulated in the language of a three-form gauge theory, reduces to the following 
question. How can the four-form Coulomb electric field be made naturally small? 

The strong CP problem in QCD can be reformulated in the above-presented thee- 
form language. For this, consider a ^-term in SU{N) gauge theory with a strong 
coupling scale A (which we shall set equal to one) and no light fermion flavors 

L = e^^G^G-, (17) 

where g is the gauge coupling, and a is an S'f/(A^)-adjoint index. As discussed in 
the introduction, this term can be rewritten as dual of four-form fields strength F 
of a composite three-form Cq,/3^ according to Q and (jH). Under the gauge transfor- 
mation, Cais-y shifts as (jH)) with 

n^f, = Af„a^]w«, (18) 

where a;" are the SU{N) gauge transformation parameters. The four-form field 
strength = ^[^Cq,/?^] is of course invariant under Q and (fTHj) . Note that the 

SU{N) Chern-Simons current can be written as 

K, = e^^p.C''^^ (19) 

It is known [3j that at low energies, the three-form C becomes a massless field, and 
creates a long-range Coulomb-type constant force. The easiest way to see that C 
mediates a long-range interactions is through the Kogut-Susskind pole PTO]. The 
zero momentum limit of the following correlator 

lim,_o q^q"" J d'xe"^^0\TK^{x)K,{0)\0) (20) 

is non-zero, as it is related to topological susceptibility of the vacuum, which is 
a non-zero number in pure gluodynamics. Hence, the correlator of the two Chern- 
Simons currents has a pole at zero momentum, and the same is true for the correlator 
of two three-forms. Thus, the three-form field develops a Coulomb propagator and 
mediates a long-range force. Because the probe sources for the three-form are two 
dimensional surfaces (domain walls or the 2-branes), the force in question is constant. 

In the other words, at low energies, the QCD Lagrangian contains a massless 
three-form field, and can be written as 

L = 9F + K(F) + (21) 

The exact form of the function K in QCD is unknown^, but it is unimportant for our 
purposes. It is obvious now that the ^-problem in QCD is isomorphic to a problem 

^Some subleading terms were estimated in TT using the large- QCD expansion. 
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of a constant four-form electric field, and that QCD ^^-vacua are simply vacua with 
different values of this electric field. 

Notice that the axion solution of this problem is nothing but Higgsing the com- 
posite three- form given in That is, the axion solves this problem by giving a 
gauge-invariant mass to the three-form field and screening its electric field in the 
vacuum.'^. Indeed, the axion solution is based on the idea of promoting 6 into a 
dynamical pseudoscalar field a, which gives us the following Lagrangian 

L = ^-^{d,af - aF + ^\i{F), (22) 

where / is the axion decay constant. The reader can easily check that the minimum 
of the axion potential in the above theory is always at F = 0, regardless of the form 
of the function K(F), and that the theory contains no massless correletors. In the 
other words, the three-form gauge theory is in the Higgs phase, due to 'eating up' 
the axion field^ The detailed discussion of this phenomenon can be found in 

We shall now choose a different path for solving the strong CP problem. We 
shall not introduce any massless axions. In our approach the four-form electric field 
will remain in the Coulomb phase, but we shall explain its smallness by altering the 
structure of the 6'-vacua. In our treatment the vacuum superselection rule will be 
lifted, but in such a way that the vacua will accumulate in a tiny-6' region. 

4 Promoting ^ = into the Vacuum Accumulation 
Point 

We shall now discuss the dynamics that promotes 6' = (TrGG = 0) into the 
vacuum accumulation point. As a result of this dynamics, all but a measure zero 
set of vacua become piled up near 6' = 0. 

We shall achieve this effect by replacing the topological axion current e^'^'^'^d^a in 
the second term of the Lagrangian ()22p by the CP-odd 2-brane current, according to 
(0). In the other words, we trade a massless CP-odd scalar for a massive (P) CP-odd 
extended object, the 2-brane. 

[ The meaning of a CP-odd brane requires some clarification. In fact, a topo- 
logical domain wall formed by a P- and CP-even scalar x represents a simplest field 
theoretic example of a P- and CP-odd 2-brane. Indeed, let us assume that x changes 
by Ax through the wall. The topological current J"^t = e°'^"'^d^x then has the 
parity which is opposite to the one of Cq,/?^. Thus, in such a case, the coupling 
Cq/j^J"^"^, is not permitted by P and CP and must be accompanied by the odd 
powers of a P-odd electric field F. In effective low energy description, in which the 

■^Alternatively one could try screening by dramatically altering the topology of space [Tl] 
^The Higgs effect can be clearly visualized by dualizing the axion to an anti-symmetric two-form 
fieldCllll. 
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wall thickness is integrated out, the topological current plays the role of the 2-brane 
current which sources Cap-^ 

e'^^^^'d^xix) ^ j dY''^'<5\x-Y). (23) 

In the view of this, if we wished to limit ourselves to entirely field theoretic re- 
alization, with no fundamental extended object, we could have simply replaced a 
massless pseudoscalar axion field with a heavy scalar x, that forms a topological 
domain walls. One can easily construct other more involved examples of the CP- 
odd walls. However, we wish to keep our treatment maximally general, and without 
specifying any underlying nature of 2-branes. ] 

Up to total derivatives the Lagrangian then becomes 

L = yK{F) + C«^,J(?/, (24) 

where J"r^^ is the transverse part of the brane current (jl2p . The reason for transver- 
sality is as follows. From the assumption that the brane is CP-odd it follows that 
the brane charge q can no longer be a constant, but should be an odd continuous 
function of F. For example, 

q q{F) oc (25) 

where n is a positive integer. This is exactly what we need, since according to the 
general mechanism of jTHI , the zero of the electric field F will become an accumulator 
in the space of vacua. We shall demonstrate this explicitly in a moment. But let 
us first note, that in order to maintain the gauge invariance in the case of a field- 
dependent q, we shall follow the prescription of [TU] and couple Ca/S'y and J"^'^ 
transversely. That is, we shall adopt the following coupling 

Ca/3'yJ(^T)' , (26) 

where J(t) is the transverse part of the current 

j-/^-^ = njf j'^^^l (27) 

Here U^^ = i]^^ — is the transverse projector. 

For constant q, we have d^'Ja/s^ = and J(r) = J. Thus, the coupling 
reduces to the one in ((Tj). This fact accomplishes our goal. In each given vacuum 
the expectation value of F is fixed to a constant. On the other hand, the change of 
q from vacuum to vacuum is permitted, because Ca/3-y only couples to the transverse 
part of Jq,/3^. The existence of the attractor point at F = is guaranteed by the 
fact that J(T') — ^ when F — >■ 0. 
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The coupling ()26|) is the gauge-invariant generahzation of (|7j) for the case of 
a non-constant charge q{F). Although, the coupling contains a projector, as 
shown in ^U] it is local, and can be obtained from a local underlying theory after 
integrating out the Stiickelberg field. For completeness, we repeat this derivation in 
the appendix. 

Putting all the ingredients together, let us now show that the theory has an 
attractor point in the space of vacua at F = 0. Since the existence of the attractor 
point at F = is independent on the form of the function K(F), we shall take 
K(F) = for simphcity 



— Cap-yJ^T)- (28) 



The equations of motion are 



^,aMQ^ ip + 2AC.^^\ = J(f7, (29) 



The vacuum structure of a similar toy example of 1 -|- 1-dimensional electrody- 
namics, was studied in The analysis in our case is pretty similar. In order 
to visualize the vacuum structure, we have to figure out how the constant four- 
form electric field F changes at the static brane. For definiteness, we shall place 
the latter at = 2; = 0. Then the only non-zero components of the current be- 
come J"^T = 5{z). We shall now look for the static z-dependent configuration 
F = F{z) and C°'^'^ = e°'^'^^C{z). Then the only non-trivial equation is 

4 (^F{z) + 86A6{z)C{z)^^^ = ~q{F{z))6{z). (30) 

To find a jump in the value of F, we integrate the equation in a small interval near 
z = 0. This integration gives 



AF = -g(F(0)). (31) 



Because, q{F) is an odd function of F, the equation shows that jumps are 
becoming smaller and smaller as F — > 0, which proves that there are infinite number 
of vacua within an arbitrarily small neighborhood of F = 0. Thus, F = (0 = 0) is 
a vacuum accumulator point. 
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As it was shown in ^01,^3 the number of vacua with the electric field exceeding 
a certain value F^, diverges with F^, — as 

For q{F) = F, this gives 

riF, ~ In (33) 

Translated to the statistics of the ^-vacua, this implies that the number of 6 vacua 
within each family diverges as 

ne ~ \n{e-^) (34) 

for ^ ^ 0. 



5 The Accumator-Shift Problem and the Fix 

We shall now address a potential problem which could destabilize the above solution 
of the strong CP problem. The problem may arise from the perturbative gluon loops 
that may generate a constant part in q{F) and therefore shift the accumulator point 
away from F = {9 = 0). Such a constant part may be generated because of the 
following reason. The symmetries that guarantee that q{F) is an odd function of 
F are P and CP. However, both symmetries are broken in the electroweak sector of 
the Standard Model, and this breaking will result into a contribution to the 6'-term, 
which we shall call 9sm. We shall assume that 9sm ~ 1- The breaking of CP by 
the ^5M-term can (and in general will) be communicated to the brane via the gluon 
loops, and this will result into the shift of the function q{F) by an F-independent 
constant proportional to the 6'57(4'-term 

q{F) q{F) + 9smK^ (35) 

where Ac is a cutoff. Such a shift by a large constant would be a disaster for our 
solution, since the vacuum accumulation point now would be shifted to F 7^ value, 
that in general would result into 9 observable ~ 9sm- 

We shall now solve the above problem dynamically. For this we shall assume that 
CP is broken spontaneously at some scale M, by a non-zero VEV of some scalar 
field 0. In such a case all the CP- violating operators, and in particular the ^MS-term 
will be generated from some effective high- dimensional operator of the form 

N 

TrGG ^ 9smF, (36) 

where is some power, which depends on the details of model building and in 
particular on quantum numbers of the field (f) under different gauge symmetries. 
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After gets a VEV, the above coupling will translate into an effective 6'5jv/-f erm 

with OsM = 

Notice that, we are not demanding any particular smallness of Osm- Because 
in the vacuum (0) ~ M, the 6sm is naturally of order one. So in the absence of 
our CP-odd branes the strong CP problem would be there, as usual. What we gain 
by promoting 9sm into a VEV of a field, is that its expectation value can diminish 
in the vicinity of the brane due to the influence of the latter. This fact solves the 
accumulator shift problem. The shift of the brane charge by the gluonic loops now 
will manifest itself through correcting q{F) by the following local operator 

q(F) ^ q{F) + (J^^ (37) 

The important point is that in evaluating this shift, the value of has to be taken 
not in the vacuum, but at the location of the brane. Due to the influence of the 
brane the latter value can be negligibly small, as we show in a moment. In this way 
the accumulator shift is avoided. 

The suppression of the VEV on the brane can happen, because field is 
allowed to have various potential terms on the brane world volume, compatible with 
symmetries. The most important of these is a brane-localized mass term, which can 
be introduced in the four- dimensional action in the following form 

- rfx^M5,(x)20^ (38) 

where 

Ml{x) = ±J di^^MB5\x-Y). (39) 

In the above expression Mb is a positive mass parameter. As shown in [TU] in the 
case of the positive sign, the brane localized mass term has an effect of suppressing 
the VEV on the brane. The source for this suppression is easy to understand. 
The equation for in the background of the brane (located at 2; = 0) is 

9^0 - (02 - m^) - 5{z)Mb = 0. (40) 

Here we have assumed that the bulk potential for field is V{(j)) = ^(0^ — m^)^ 
so that the bulk VEV is 4>buik = f^- From (^01) it is clear that the positive brane- 
localized mass term is seen by the field as a potential barries, which for Mb ^ Am 
strongly suppresses the expectation value on the brane, (f)br <^ 0b«zfc- 

(pbr can be estimated by minimizing the following expression (we ignore the fac- 
tors of order one) 

E = Mb(PI. + {(pbr - mfm + A^ {(^l - m^fm-^ (41) 

The first term in this expression comes from the brane mass term. The second and 
the third terms are the expenses in the gradient and the bulk potential energies. 
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The full expression is minimized at 

(pbr ~ (Pbulk^l-y (42) 

Mb 

where = Am is the bulk mass. Thus, in any given vacuum, the brane expectation 
value of is by the factor smaller relative to its bulk counterpart. 

This statement can be checked exactly. The equation ()4()|1 has an explicit solution 



mth 



( 1 2V2m0, 

— i H 1= arcsh — — 

V Mb ' 



(43) 



which confirms the above estimate, since 0?,^ = 0(0) ~ V2 mm if,/ Mb- 

To summarize, by decreasing the bulk mass of relative to its brane mass, the 
expectation value at the brane gets diminished. The brane surrounds itself by a 
'halo' of a restored CP region. The size of this halo is ~ m'^^ . Inside this region, 
the only source of the CP violation is the expectation value of F that is sources by 
the CP-odd brane. 

Due to the above effect, the accumulator gets shifted to the point 



. (44) 

This value can be naturally extremely small. To get a rough feeling about the possi- 
ble smallness, consider an extreme case, when the brane has a Planck scale tension. 
Then, we can take Mb ~ Mp. If is a modulus that couples to the Standard Model 
fields via Mp suppressed interaction, the natural lower value for is somewhere 
around 10~^eV. This will be the case if the supersymmetry breaking scale is around 
TeV. Then taking q{F) = F the value of the observable ^-term at the accumulator 
point will be Oobservabie ~ 10"'^^^. Which is practically unobservable. Phenomeno- 
logically more interesting situation occurs for the lower values of the brane tensions, 
in which case predicted Oobservabie may be close to the phenomenological lower bound, 
and be potentially observable. 



6 Experimental Signatures 

We wish to briefly discuss some possible experimental signatures of the presented 
scenario. The crucial role is played by the branes to which the Standard Model 
gauge fields are coupled. These branes can be introduced either as some field theo- 
retic domain walls (see ^|), or as the fundamental objects. The latter possibility 
is phenomenologically the most interesting one, since branes can be produced at 
particle colliders. 

There is no obvious particle physics upper bound on the tension of these branes 
(although the specific cosmological considerations may place one). In this respect. 



13 



the role played by the brane tension in our scenario is analogous to the one played 
by the axion decay constant in the Peccei-Quinn solution. The latter can be 
arbitrarily high, allowing axion to be arbitrarily weakly coupled and practically 
unobservable [12] . 

However, if the brane tension is at the TeV scale or lower, the branes may be 
observed at LHC in form of the resonances with a specific spectrum. One can think 
of number of possible production channels for these resonances. Because branes are 
predicted to be coupled to all possible CP-odd combinations of the Standard Model 
Chern-Simons forms and dual field-strengths, they can be produced in gauge boson 
scattering. For instance, they can be produced in gluon-gluon collision accompanied 
by the production of the additional gauge fields. A typical process would be 

2 g brane resonance + 27, (45) 

in which two gluons produce a brane resonance and the two photons. The brane 
resonances can then decay into a combination of the standard model gauge fields 
(for instance, into four photons (gluons, weak bosons)). They can also decay into 
the CP-violating scalar 0, which then (if mass allows) can decay into the Standard 
Model fermion-antifermion pair and a Higgs. 

Note that the brane tension may be below the W, Z masses, in which case the 
decay in this particles is excluded. Also note that the mass of in the extreme 
case can naturally be as small as 10~^eV. This will be the case if supersymmetry 
breaking scale is TeV, and couples via Planck scale suppressed operators to the 
Standard Model fields. In such a case can only decay into the photons, and the 
lifetime will be too long for being observed within the detector. In such a case, can 
also manifest itself through a new gravity-competing force at sub-millimeter scales. 

Brane resonances can also be produced in quark- ant iquark annihilation together 
with the Higgs in the final state, via intermediate scalar. 

The generic distinctive feature of brane resonances will be their characteristic 
spectrum. For instance, it is known pT] that the radial excitations of a spherical 
membrane have the spectrum of a radial Schrodinger equation with a quartic po- 
tential (for simplicity we work in units of the brane tension) 

+ r^^ ^(r) = m2^(r), (46) 

which has a ~ n^/^ scaling for large n. 

7 Conclusions 

The source of the strong CP problem is that the QCD has a continuum of the 
vacuum states labeled by the parameter 9, which obey the superselection rule and 
most of which are excluded observationally. The phenomenologically acceptable 
values 6 < 10~^ are not preferred by any statistics or dynamical considerations. 
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What we have achieved in our treatment is that we have hfted the superselection 
rule in such a way that the transition within an infinite subset of vacua, called a 
vacuum family, is now permitted by nucleation of branes. A given family of vacua 
can be constructed by randomly choosing the value of the parameter 6 and adding 
all possible vacua that can be created from it by nucleation of the arbitrary number 
of branes. The set of vacua created in this way will by default be isolated from the 
other sets by the superselection rule. Thus, the transition among the families is still 
forbidden. A priory, the number of families may be large or even infinite, but within 
each family the accumulation of the infinite number of vacua happens within the 
phenomenologically permitted region 6 < 10~^. 

In this way, in the full theory, the phenomenologically unacceptable vacua forms 
a measure- zero set. 

In this work we were mainly concerned with the vacuum statistics, and we did 
not discuss an explicit cosmological scenario that in real time picture would drive 
the Universe towards the vacuum accumulation point. However, it is intuitively 
clear that in any early Universe scenario in which the statistics of vacua matters, 
the highest probability will be given to the phenomenologically acceptable ones, due 
to their enormous number. 

We also wish to remark that, although fundamentally different, the presented 
mechanism shares some spiritual connection with the irrational axion idea|19j. 

Finally, there are possible experimental signatures of the above theory. The 
general prediction is the existence of the 2-branes to which the standard model 
gauge fields are coupled. The tension of these branes may be around TeV scale or 
lower. In such a case, they can be produced in particle collisions in form of the 
resonances with a characteristic spectrum. 
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8 Appendix 

In this appendix, we briefiy repeat the method of ref PU] for obtaining the couplings 
from the local gauge-invariant theory. This is achieved by introducing the 
following couplings in the Lagrangian 



Here, two-form Ba/s is a compensating Stiickelberg field, which under the gauge 
transformation Q shifts in the following way 



(47) 
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is a two-form Lagrange multiplier that through its equation of motion imposes 
the transversality constraint 

d^'d^^B^p^ = d'^C^p. (49) 

Integrating out the X- and -B-fields, we arrive to the effective coupling (j2Zj). 

Let us briefly comment on a potential effect, discussed inlTU], which is a possible 
screening of the electric field F by the virtual brane loops. The effect is somewhat 
analogous in spirit to the charge screening by fermion loops in the massless Schwinger 
model[18j, except that this issue in the brane case is more subtle. The point is that 
the loops of the branes could in principle generate operators of the form 

c^-^i?nf^aa/3] (50) 

where R is some function that can be expanded in series of the positive powers of 
97^2, where M is a cut-off. If this expansion contains a constant 9^-independent 
term, the propagator of the three-form would acquire a physical pole. This would 
screen the electric field F. In this case the strong CP problem would be solved 
automatically, just as in the axion case, and there would be no need to allude to the 
vacuum accumulation effects. 
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